dreher is a spontaneous mouse mutation in which adult animals display a complex phenotype associated with hearing loss, neurological, pigmentation and skeletal abnormalities. During early embryogenesis, the neural tube of dreher mutants is abnormally shaped in the region of the rhomboencephalon, due to problems in the formation of a proper roof plate over the otic hindbrain. We have studied the expression of Hox/lacZ transgenic mouse strains in the dreher background and shown that primary segmentation of the neural tube is not altered in these mutants, although correct morphogenesis is affected resulting in misshapen rhombomeres. Neural crest derivatives from rhombomere 6, such as the glossopharyngeal ganglion, are defective, and the dorsal neural tube marker Wnt1 is absent from this segment. Selected trunk neural crest populations are also altered, as there is a lack of pigmentation in the thoracic region of mutant mice. Skeletal defects include abnormal cranial bones of neural crest origin, and improper fusion of the dorsal aspects of cervical and thoracic vertebrae. Taken together, the gene affected in the dreher mutant is responsible for correct patterning of the dorsal-most cell types of the neural tube, that is, the neural crest and the roof plate, in the hindbrain region. Axial skeletal defects could re¯ect inductive in¯uence of the dorsal neural tube on proper fusion of the neural arches. It is possible that a common precursor population for both neural crest and roof plate is the cellular target of the dreher mutation. q
Introduction
Hereditary hearing loss affects one in a thousand newborns and is by far the most common sensory defect in humans. However the heterogeneity in clinical features, time of onset, causes and steps in the hearing processes affected has made it dif®cult to the study of the genetics of deafness (Petit, 1996) . Recent attempts at a coherent classi®cation of non-syndromic deafness, applicable to both humans and mammalian conditions has helped in establishing mouse models for human pathologies (Steel and Brown, 1994) . This approach has already been extremely useful in identifying candidate genes for human deafness based on mouse mutants (Steel and Brown, 1996) .
Hearing impaired mouse mutants are easily discovered in normal breeding colonies or mutagenesis screens because of obvious phenotypic abnormalities, such as vestibular dysfunction (leading to behavioural abnormalities such as circling or head tilting) or pigmentation defects. Therefore, a large collection of deaf mice is available for phenotypic analysis and the identi®cation of new genes required for hearing. More than 100 mouse genes and loci have been described that affect hearing (Steel, 1995) and more are being added continuously, in part as the result of analysis of targeted mutations.
One category of hearing defects has been termed morphogenetic, and re¯ects those cases where early steps in the development of the inner ear are affected (Steel and Brown, 1994) . The inner ear is initiated as an ectodermal placode adjacent to rhombomeres(r) 5 and 6 in the developing hindbrain that then invaginates to form the otic vesicle. Further morphogenesis shapes the vesicle into the otocyst that generates the cochlea and the vestibular apparatus (Torres and Gira Âldez, 1998) . Based on early studies in amphibians and mice it is clear that the developing neural www.elsevier.com/locate/modo tube exerts a vital in¯uence on multiple steps of inner ear development (Yntema, 1950; Deol, 1966) . For example kreisler (kr) mutant mice, which were generated by X-ray mutagenesis, were ®rst characterized due to their circling behaviour and deafness (Hertwig, 1944) . The vestibularacoustic defects in these mutants were later found to arise as a consequence of abnormal hindbrain segmentation, where there was a morphological loss of segments posterior to r4 and r5 fails to form (Deol, 1964a; Frohman et al., 1993; McKay et al., 1994; Manzanares et al., 1999) . The kreisler gene has been isolated by positional cloning and shown to encode a transcription factor of the b-zip Maf family (Krml1) expressed in r5 and r6 (Cordes and Barsh, 1994) . Therefore, the adult phenotype was secondary to the early segmental defects in the hindbrain, which occur at the time the otic placode and vesicle were formed. In a similar manner, the targeted mutation of Hoxa1 leads to gross alterations of the otic vesicle as a result of segmentation defects in the developing hindbrain (Lufkin et al., 1991; Chisaka et al., 1992) . Hence analysis of hindbrain patterning and segmentation in the morphogenetic category of deaf mouse mutants is a useful approach for uncovering the factors and in¯uences of the neural tube on early inner ear and craniofacial development (Fekete, 1999) .
With this goal in mind, we analyzed hindbrain patterning in the recessive deaf mouse mutant dreher (dr). The ®rst allele of this mutant was discovered in 1948 in a factory in Detmold, Germany, and another nine alleles have been described (Lyon and Searle, 1989) . These alleles give rise to a complex phenotype that includes pigmentation defects, skeletal abnormalities, circling behaviour, female sterility, and cerebellar, neocortical and hippocampal defects in cell patterning and migration (reviewed in Bergstrom et al., 1999) . Since the early inner ear defects of dreher mice are preceded by defects in the shape and closure of the neural tube in the region of the hindbrain (Deol, 1964b) we felt this would be a good model for investigating the in¯uence of hindbrain patterning. Using a combination of Hox/lacZ genetic markers, in situ hybridization and histochemical analysis we have studied the development of the hindbrain and neural crest derivatives in dreher embryos. The overall process of segmentation and regional anterior-posterior speci®cation is normal. However in the otic region of the hindbrain the most dorsal population comprising the roof plate or dorsal roof, is abnormal. Combined with the skeletal and pigmentation phenotypes of adult mice these results suggest that in the dreher mutant an early precursor population giving rise to neural crest and roof plate cells is locally affected. Therefore the inner ear defects are secondary to the primary roof plate defect in the dorsal-most aspect of the otic hindbrain.
Results

Embryonic and adult phenotype of the dr 2J allele of dreher
In adult dreher homozygotes, the most obvious phenotype seen with all alleles is the pigmentation defect in the trunk region, apart from their circling behaviour and head tossing (Fig. 1) . This varies from a white spot or patch in the ventral area, to a complete white belt surrounding the whole trunk (Fig. 1C,D) . The allele used in this work is dr J and was obtained from The Jackson Laboratory. In the original description of this allele, no heterozygote effect was described (Washburn and Eicher, 1986 ), but we observed in our colony the occasional appearance of mice with normal behavioural traits that presented a white belly spot (Fig. 1A) . The extent of the area lacking pigmentation varies Fig. 1 . Pigmentation phenotype of adult dreher mice (A±D). Heterozygous (dr/1) mice exhibit a white patch of variable size in the coat on the belly when the mutation is in a C57Bl/6 background (A,B). Homozygous (dr/dr) mice show a complete white belt around the trunk, although some variability is also present (C,D). from a small spot to an extensive patch, usually asymmetrical. This is consistent with the previous observation that some other alleles of dreher (dr sst-J ) showed the white belly spot pigmentation in a heterozygous state (Patrylo et al., 1990) . After backcrossing the original dr J allele for ten generations into the C57Bl/6 background this white spotting heterozygous trait became fully penetrant (Fig. 1B) and provided a convenient marker for maintaining and selecting dr/1 mice.
Accompanying this, we also observed a signi®cant decrease in viability of homozygote dreher mice. In dr/dr mice, although the expected life span is shorter than in wild type animals, the proportion of live born homozygous pups has been described to be only slightly reduced (Wahlsten et al., 1983) . In agreement with this, initial breeding experiments using the dr J allele in our colony generated many live born homozygous pups. However, following repeated backcrosses into the C57Bl/6 background live homozygotes are no longer generated. Therefore, through breeding modi®er alleles of dreher have increased the penetrance of both heterozygote (spotting) and homozygote (viability) effects. Similar heterozygote effects regarding pigmentation have been described for the Sp d allele of Pax3 (Asher et al., 1996) .
Hindbrain segmentation is not affected in dreher mutants
One of the causes of malformations of the otic vesicle that can lead to hearing impairment is a defect in the primary speci®cation of regional identities in the hindbrain (Deol, 1964b; Lufkin et al., 1991; Chisaka et al., 1992; Manzanares et al., 1999) . In order to examine primary segmentation of the hindbrain in dreher mutants, we took advantage of transgenic lines containing rhombomere-speci®c regulatory elements from different Hox genes linked to a lacZ reporter gene, in a manner similar to that used for characterizing kreisler defects (Manzanares et al., 1999) . The lines used were derived from the Hoxb1, Hoxb2 and Hoxb4 loci, and mediate expression respectively in r4, r3 and r5, and from the r6±r7 boundary into the posterior spinal cord (Whiting et al., 1991; Marshall et al., 1992; Sham et al., 1993) .
By crossing these lines into the dreher background we have analyzed the formation of r3 to r6, which corresponds to the region adjacent to the otic vesicle where the visible phenotype of dreher homozygote embryos is localized. Based on the patterns of reporter staining both the number of segments and their respective antero-posterior (A-P) identity are properly speci®ed (Fig. 2) . The establishment of rhombomeric boundaries also appears to be unaffected as evidenced by the sharp domains of reporter expression. Nevertheless we did observe signi®cant changes in the shape of rhombomeres 3, 4 and 5. The ventral region of r4 is normal, as illustrated by the proper migration of the facial motor neurone population along the midline into r5 (Fig.  2B) . In contrast the dorsal/lateral domains of this segment are compressed or reduced in width. Expression of the Hoxb2 reporter line in r3 and r5 reveals that r3 deforms bending posteriorly, and r5 is broadened and not separated at the midline into two bilateral domains as seen in normal embryos. Dorsally the distance between these two segments, which corresponds to r4, is reduced (Fig. 2C,D) . Territories posterior to r6 are not affected as there is no alteration in Hoxb4 reporter expression up to the r6/7 boundary (Fig. 2E, F) . These molecular changes suggest that dreher is affecting dorsal as opposed to ventral structures in the r3± r6 territory but does not alter the speci®cation of their A-P identity. The Hoxb2-r3/r5 reporter line also shows morphological alterations to the hindbrain. In dreher (D) r3 is deformed and bends posteriorly, r5 is broadened and not separated at the ventral midline as in wt (C), and dorsally the distance between the two stripes of expression (r4) is reduced laterally. This indicates that the dorsal edges of the neural tube do not separate in the otic region of the mutant. (E,F), The normal anterior limit of expression of the Hoxb4-r6/7 reporter line at the r6/7 boundary (E) is not affected in dreher mutants (F). The arrowhead in F points to the dorsal morphological defect in the mutant. ov, otic vesicle. All embryos shown are 10.5 dpc.
Defective roof plate formation in the hindbrain of dreher embryos
The dorsal molecular changes we observed coincide with the morphological appearance of the embryonic phenotype in dr/dr mice, which is ®rst apparent at 9.5 dpc (days post coitum). The dorsal hindbrain adjacent to the otic vesicle is abnormally shaped and when viewed laterally is characterized by the apparent absence of a thin roof plate and by ectopic constrictions (Fig. 3E,F) . The dorsal roof is indented and does not expand over the region of the otic vesicle, leading to an alteration in the smooth contour of the roof plate seen in wild type embryos.
This defect is likely to be responsible for the rhombomeric malformations, as the neuroepithelium in that region cannot expand laterally in a normal manner. In order to study this phenotype in more detail, we carried out coronal sections on homozygote dreher embryos expressing the transgenic Hoxb2-r3/r5 reporter (Fig. 3A±D) . In a dorsalmost section through the hindbrain of a wild type embryo the walls of the neural tube are far apart, and lacZ activity in r3 and r5 is barely present on the luminal side of the tube (Fig. 3A) . In contrast, the most dorsal aspect of the neural tube is actually fused at the level of r5 in homozygous dreher embryos (Fig. 3B) . Furthermore, the regular columnar cellular organization of the neuroepithelium in the fused region is lost and disorganized populations of cells are present (data not shown). More ventral cross sections through the mutant embryos at the level of the otic vesicle show that the fusion does not occur throughout the entire rhombomere (Fig. 3D) . However, in contrast to wild type embryos the lateral walls in segments adjacent to the otic vesicle (r5±r6) remain in close apposition (Fig. 3C,D) . Therefore, in the mutant embryos the neural tube is in close apposition up to r5, and only separates in r4 and more anterior regions.
To further analyze the dorsal neural tube phenotype in dreher embryos, we used a probe for the Wnt1 gene, which is expressed in the dorsal edges of the neural tube ( Fig. 3G ; Wilkinson et al., 1987) . In dreher mutant embryos, the Wnt1 probe highlights the abnormal shape of the rhombencephalon, where the edges of the roof plate are in close proximity in the caudal hindbrain at the r5 level (Fig. 3G,H) . But the most striking observation is that Wnt1 expression is either greatly reduced or speci®cally absent from r6 (compare arrows in Fig. 3G,H) . The downregulation appears to be restricted to this speci®c area of the neural tube and we do not see any changes over the affected thoracic vertebrae. However we can not rule out that there are lower levels of dorsal Wnt1 expression in some more posterior and anterior domains. Together this analysis reveals localized differences in dorsal patterning and the roof plate in particular. 
Analysis of sensory and motor nerves
Due to the fusions and defects in the r5 territory we ®rst examined the projections of the facial motor nerve in wild type versus dreher mutant embryos at 10.5±11.0 dpc (Fig.  4E,F) . The facial nerve leaves the hindbrain through an exitpoint located in r4 and collects axons from cell bodies that arise in r4 and r5 ( Fig. 4E ; Marshall et al., 1992; Studer et al., 1996) . Neurones that arise in r5 send projections laterally and then anteriorly into r4, while those that arise in r4 send projections laterally to the exit point. In addition some of the facial branchiomotor neurones (fbm) born in r4 migrate posteriorly into r5, speci®cally along the ventral midline. In the dreher mutant embryos, the projections and migration of neurones arising in r4 are normal (Fig.  4E,F) . In r5, the general pattern of the motor neurones and their projections appear normal, except that the lateral projections extending away from the ventral midline are slightly more diffuse and disorganized (see arrowhead in Fig. 4F) .
The dorsal hindbrain gives rise to sensory nerve components and we examined patterning of the cranial sensory ganglia using anti-neuro®lament (160 kDa) and anti a -tubulin antibodies (Fig. 4A±D) . Both antibodies reveal that the glossopharyngeal (IXth) ganglion is very much reduced in dreher embryos (Fig. 4B,D ) when compared to wild type (Fig. 4A,C) . We also observe accessory branches that connect abnormally to the vagal ganglion (Xth) and they take an unexpected anterior and dorsal route, which surrounds the otic vesicle (arrow in Fig. 4B ). Since the IXth ganglion is in part derived from neural crest cells that originate in r6, these defects are in agreement with local dorsal abnormalities we observed in the r5/r6 region.
Skeletal abnormalities in dreher mutants
One of the most conspicuous phenotypes associated with the dreher mutation are the abnormalities of the axial skeleton (Wahlsten et al., 1983) . Variable tail length, a hunched position, and the occasional appearance of blebs in the cranium are all associated with the dr J allele of dreher kept in our colony. In order to understand better the origin of these skeletal defects and their relationship with the other phenotypes of dreher homozygotes described so far, we performed skeletal preparations from P10 (day 10 postnatum) homozygote and wild type pups. The abnormalities we found were all associated with dorsal areas of the axial skeleton, but con®ned to three very speci®c locations: (a) the interparietal bone of the cranial vault; (b) the most anterior cervical vertebrae; and (c) the most posterior thoracic vertebrae.
The interparietal bone is located posterior to the parietal, but in rodents unlike other vertebrates they fail to fuse and remain separated by the lamboidal suture (Fig. 5A) . In dreher homozygotes, the shape and degree of ossi®cation of the interparietal bone is severely affected (Fig. 5D ). This leads occasionally to the synostosis of the cranial vault along the interface of the interparietal and supraoccipital bone (arrow in Fig. 5D ), and is responsible for the blebbing on the head seen in live animals. The general morphology of the parietal bone is also affected and the lamboid suture (LS) that separates it from the interparietal bone is highly irregular (Fig. 5D) .
The vertebral defects in dreher homozygotes are due to improper fusion along the dorsal midline of the neural arches of the vertebrae. Therefore in the cervical region, the atlas (C1), axis (C2) and C3 remain separated on the dorsal side of the mutants (Fig. 5E ), while in wild type littermates the fusion of the vertebral arches is complete Fig. 4 . Analysis of sensory and motor nerves. (A±D) Organization of the cranial ganglia revealed by staining with an anti-a -tubulin (A,B) and anti-160 kDa-neuro®lament (C,D) antibodies. In dreher mutant embryos (B,D) the glossopharyngeal ganglia (IX) is much reduced (arrowhead, line) when compared to wild type (A,C). Furthermore, an accessory branch originating in the glossopharyngeal/vagus (IX/X) region projects abnormally, in an anterior and dorsal fashion, around the otic vesicle (arrow in B). (E,F) DiI retrograde tracing of projections of the facial motor nerve (vii). In dreher mutants (F), axons arising from neurons in r4 project laterally to the exit point (ep) in a manner identical to wild type embryos (E). The population of facial branchiomotor (fbm) neurons that migrate from r4 into r5 along the ventral midline are also normal (E,F). Axons arising from neurons in r5 project laterally and anteriorly into r4 in dreher embryos (F) but are less organized (arrowhead in F) compared to wild type (E). VII, facial ganglia and ov, otic vesicle. All embryos shown are 10.5 dpc. (Fig. 5B) . More posterior cervical vertebrae seem to fuse normally. The other area of the axial skeleton where we observed vertebral defects corresponded to the posterior thoracic region, from vertebrae T9±T13. Again there is a failure in dorsal fusion in dreher pups resulting in spina bi®da and the morphology of the neural arches of these vertebrae is grossly altered (Fig. 5C,F) . It is noteworthy that this region corresponds to the same axial level where the white belt devoid of pigmentation in the coat is observed. We never observed any defects in the ventral aspects of the vertebrae, nor did we see neural tube defects of the thoracic region where the vertebral phenotype is apparent in homozygote 9.5±11.5 dpc embryos (data not shown). Together these results reveal that dreher phenotypes comprise a series of highly localized and dorsally derived defects associated with patterning events in the midline and roof plate.
Discussion
In this study we present an analysis of the dreher mutant, a member of morphogenetic class of mouse deafness mutants in which defects in inner ear development arise. The range of defects we have analyzed in dreher homozygotes affect three different structures or tissues: the hindbrain roof plate, neural crest derivatives (cranial ganglia and trunk pigment cells), and the axial skeleton. Our results characterizing abnormalities in the dorsal neural tube, underscore the importance of the hindbrain on pattering ear development and raise a number of interesting issues on the function of dreher.
Neural defects
It is interesting that defects in dreher mutants are very localized, and do not disrupt dorsal patterning uniformly along the neural axis. Based on histology, the segmental genetic markers and Wnt1 in situ analysis, the roof plate over the hindbrain is one of the most affected regions in dreher mutants. Strong affects are also observed in anterior telencephalic structures (hippocampus) and anterior hindbrain derivatives (cerebellum) (Wahlsten et al., 1983; Sekiguchi et al., 1993) .
The dorsal roof appears as a thin unicellular layer covering the most dorsal aspect of the hindbrain. It originates from a small group of precursor cells located between the dorsal edges of the neural tube and represents a separate population from the hindbrain neuroepithelium. The expansion of the roof plate anlagen causes the hindbrain to open up and adopt a V-shaped contour in cross section, and differential growth at different levels give the hindbrain its characteristic rhomboid shape. In the dreher mutants the posterior part of the roof plate from r3 to r6 is disorganized and reduced, which results in close apposition of the lateral walls of the hindbrain (Fig. 3) . At the level of r5 this leads to a dorsal fusion with a thick epithelium overlying the neural tube, and even in more ventral regions the two sides of the neural tube remain in close proximity. There is also a speci®c loss or down-regulation of Wnt1 expression in r6. In dreher mutants there is evidence that a roof plate has formed, suggesting that processes governing growth or maintenance of the roof plate have been impaired in the otic region.
We do not know how closely the abnormal sensory and motor projections we detected in the r4±r6 territory are associated with deafness in dreher, if at all. However, they are unlikely to be the sole or major cause of loss of hearing as there are serious morphogenetic defects within the otic vesicle that arise due to the dorsal neural tube abnormalities. These are likely to have a major impact on hearing and our analysis does not distinguish between primary and secondary phenotypes.
The axial skeleton
The defects in the cranial skeleton could be ascribed to having a neural origin. Lineage analysis in avian embryos has shown that the vertebrate cranial vault has a dual embryonic origin and is derived from both cranial mesoderm and neural crest cell mesenchyme (Couly et al., 1993) . Bones up to the parietal-occipital boundary are entirely derived from neural crest, while bones from the occipital series and more posterior are of mesodermal origin. In contrast to the chick, mice have an independent interparietal bone that is separated from the parietal by the lamboidal suture. The cranial skull defects in dreher embryos occur in tissues derived from cranial neural crest, as evidenced by the hole in the interparietal bone at its junction with the supraoccipital bone and the irregular lamboid suture (Fig. 5D ). These distinct abnormalities could re¯ect unique roles for dreher in both calvarial bone development and in lamboid suture formation. In this regard it is interesting that similar combined calvarial bone and suture defects are observed in lmx1b mouse mutants (Chen et al., 1998) while mutations in Pax3 and Dlx5, which are expressed in neural crest cells, result in abnormal interparietal and parietal bones (Asher et al., 1996; Depew et al., 1999) .
The other skeletal defects manifested as a lack of fusion of cervical and thoracic vertebrae along the dorsal midline, and these tissues are derived from paraxial mesoderm. There is evidence that the neural arches of vertebrae grow dorsally surrounding the neural tube in response to signals from the dorsal tube (Takahashi et al., 1991) . Hence the neural arch abnormalities in dreher mutants might also have neural origins and re¯ect alterations to normal dorsal signalling from neural tube to the sclerotome. It is interesting that in dreher mutants these vertebral abnormalities are concentrated in selected cervical (C1 and C2) and thoracic (T9±T13) regions and as opposed to uniformly along the axis. Similar regional variations in neural arch patterning have also been observed for mice with mutated Zic1 and Gli3 (Xt, Extra-toes) genes. In Zic1 mutants, in the cervical region the neural arches are much thinner and in the thoracic area midline fusion is impaired resulting in spina bi®da occulta (Aruga et al., 1999) . In Gli3/Xt mutants vertebral arch formation is most severely disturbed in the cervical region, and there is a failure in arch fusions along the dorsal midline (Schimmang et al., 1992; Vortkamp et al., 1992; Hui and Joyner, 1993) . It is intriguing that Gli3/Xt mice also display inner ear defects (Steel, 1995) . Since Zic1 and Gli3 are involved in the sonic hedgehog signalling cascade, which regulates the D-V polarity of the vertebral column, it will be interesting to see if dreher functions in this or a parallel pathway.
dreher: locus and function
The fact that both the roof plate and neural crest derivatives, such as pigment cells and cranial bones, are affected by the dreher mutation argues in favour of common patterning mechanisms for both these cellular populations. Several genes, such as BMPs are expressed by both cell populations and have a role in their speci®cation (Augsburger et al., 1999; Sela-Donenfeld and Kalcheim, 1999) . This has led to speculation that neural crest and roof plate originate from a common unique precursor population localized at the dorsal-most aspect of the vertebrate neural tube (Lee and Jessell, 1999) and the dreher gene could have an integral role in this process.
A number of genes have been located in the dreher region on mouse chromosome 1, such as the neuronal migration cell adhesion molecule astrotactin (Fink et al., 1997) and retinoid X receptor gamma, but they have been discarded based on ®ne mapping experiments (Bergstrom et al., 1999) . Mapping and genetic evidence points to dreher as affecting a single locus, and recently the minimal dreher interval has been limited to approximately 200 kb (Bergstrom et al., 1999) . This region is syntenic to human chromosome 1q21-23 (Bergstrom et al., 1999) , which is signi®cant as human autosomal hearing loss locus (DFNA7) has been mapped to that region (Fagerheim et al., 1996) . Hence, dreher is a good candidate gene for this form of human deafness.
The variable penetrance of the dreher pigmentation phenotypes we have uncovered in heterozygotes on an inbred C57Bl/6 background reveals that genetic background and modi®er loci are important for its activity. It is interesting that similar pigmentation defects have been described for the Splotch/Pax3 Sp d alleles. In addition Sp d has similar abnormalities to the dreher phenotype in that the interparietal bone and the lamboid suture of the skull are affected (Asher et al., 1996) . Sp d and Sp 2H alleles also display similar neural arch defects and spina bi®da at selected spinal cord levels (Asher et al., 1996; Henderson et al., 1999) . Hence these two genes could be part of the same pathway. The identi®cation of the gene affected by the dreher mutation will be of an enormous interest in understanding basic mechanisms of dorso-ventral patterning of the vertebrate embryo.
Experimental procedures
Mice breeding and Hox enhancer transgenic lines
Mice heterozygous for the dr J mutation were obtained from The Jackson Laboratory and kept on a C57BL/6J background. Initially the dr/1 mice showed only a partial penetrance of the white spot on the belly (Washburn and Eicher, 1986; Patrylo et al., 1990) in this background and some homozygotes were born but they usually died within the ®rst weeks of life. After ten generations both the white spotting and embryonic lethality were fully penetrant. Wild type (wt) embryos used are always control dr/1 or 1/1 littermates of dr/dr embryos. The roof plate abnormalities seen morphologically at 9.5 dpc provided a useful criteria for identifying homozygous dreher embryos in freshly dissected litters from heterozygote crosses.
To genetically mark the hindbrain segments, heterozygous male and female dr/1 mice were crossed with transgenic mice carrying Hox regulatory elements controlling the expression of the lacZ reporter gene. The lines used were Hoxb1-r4 (Marshall et al., 1992) , Hoxb2-r3/r5 (Sham et al., 1993) and Hoxb4-r6/7 (Whiting et al., 1991) . A brief description of these lines can be found in Manzanares et al. (1999) . Double heterozygous mice carrying the transgene and the dreher mutation were intermated or crossed to dr/1 mice and embryos taken at 9.5±10.5 dpc. Detection of b ±galactosidase activity was performed as described (Whiting et al., 1991) .
Whole mount in situ hybridization and immunohistochemistry
Whole mount in situ hybridization was carried out as described (Xu et al., 1998) . The Wnt1 (Wilkinson et al., 1987; Echlard et al., 1994) , Krox20 (Wilkinson et al., 1989; Irving et al., 1996) , and Hoxd4 (Morrison et al., 1997) probes were generated and used as described. 9.5± 10.5 dpc dreher and wild type embryos were ®xed in 4% paraformaldehyde, blocked in 0.1 M glycine and treated with PBS/0.1% H 2 O 2 overnight. Embryos were then blocked in PBST (PBS/10% serum/0.2% Triton X-100), and incubated with an a-tubulin (Sigma) or 160 kDa Neuro®lament (Boehringer) antibodies (1:100 dilution in PBST) at 48C overnight. The embryos were washed ®ves times for 1 h in PBST prior to an overnight incubation with an HRPconjugated secondary antibody (diluted 1:1000 in PBST; DAKO). The following morning the embryos were again washed ®ve times for 1 h in PBST before colour development using diaminobenzidine/H 2 O 2 (Sigma). Selected transgenic embryos where post-®xed after staining for lacZ, paraf®n embedded, sectioned and counter-stained with eosin.
Skeletal preparations
Alcian blue/alizarin red staining of cartilage and bones respectively in 2±3 week old pups was performed as described (Hogan et al., 1994) . Brie¯y, pups were macerated and eviscerated before ®xing the skeletons in 96% ethanol. Cartilage was stained overnight with 0.15% Alcian blue in 80% ethanol/20% glacial acetic acid. The skeletons were then washed twice in 96% ethanol, cleared in 1% KOH overnight and the bone was counter-stained overnight in 5% alizarin red/2% KOH. The skeletons were then cleared in decreasing strengths of 2% KOH in glycerol.
Neuron tracing
The facial (VII) motor neurones were labelled by retrograde tracing using DiI (Molecular Probes) at a concentration of 1mg/ml in dimethylformamide. Embryos were dissected from the uterus in PBS and the cranial roots were injected using a pressure injector (Picospritzer). Following injection, embryos were ®xed in 4% paraformaldehyde and then the hindbrain was dissected free of surrounding tissue and¯at mounted in glycerol/PBS. The labelled neurones were viewed using a Zeis Axiophot¯uor-escence microscope.
Note added in proof
While this paper was in press, the cloning of the gene affected in the dreher mutant has been reported (Millonig, J.H., Millen, K.J., Haten, M.B., 2000. The mouse dreher gene (Lmxla) controls formation of the roof plate in the vertebrate CNS. Nature 403, 764±769).
